In the present study we therefore investigated the HSD susceptibility of standard (non-145 rhythmic) and rhythmically-active Mecp2 -/y brainstem slices. First, we monitored the 146 intrinsic optical signal associated with HSD to define the most preferred ignition site and 147
propagation path of HSD in WT and Mecp2 -/y mouse brainstem. These recordings were 148 complemented by electrophysiological analyzes to determine genotype-dependent 149 differences of HSD parameters in the nTS, Sp5 and preBötC. To define the very 150 consequences of frequent hypoxic episodes, as occurring in RTT, on brainstem circuits 151 involved in cardiorespiratory control, we adapted the rhythmically-active slice preparation 152 Mecp2 -/y mice were decapitated under deep ether anesthesia. The brain was removed 175 from the skull, the brainstem dissected and placed into ice-cold artificial cerebrospinal fluid 176 (ACSF) equilibrated to pH 7.4 with carbogen (95% O 2 /5% CO 2 ). ACSF contained in mM: 177 NaCl 130, KCl 3.5, CaCl 2 1.2, MgSO 4 1.2, NaH 2 PO 4 1.25, NaHCO 3 24, glucose 10 (all 178 chemicals obtained from Sigma-Aldrich). Brainstems were then glued onto agar blocks and 179 400 µm thick slices were cut using a vibroslicer (752M, Campden Instruments). The slices 180 were transferred to an Oslo-style interface recording chamber (35-36 o C) and allowed to 181 recover for ~90 min. The interface-chamber was aerated continuously with carbogen (400 182 ml/min), and perfused with oxygenated ACSF (~5 ml/min). glucose concentration of the ACSF was raised to 30 mM; brainstems were glued onto agar 186 blocks rostral side up (cutting direction was from ventral to dorsal; the rostrocaudal axis 187 was tilted by 25 degrees away from the blade) and serial sections were cut until the rostral 188 border of the PreBötzinger complex (preBötC) appeared. Then, a single 500-600 µm thick 189 slice was cut and allowed to recover at room temperature for ~30 min in oxygenated, 190 30 mM glucose-containing ACSF. For recordings, the slice was transferred to the 191 interface-chamber (temperature ~30°C) and the extracellular K + concentration was raised 192 to 8 mM, a standard maneuver to maintain rhythmicity (Funke et al. 2007; Ramirez et al. 193 1996) . Upon such treatment, inspiratory-related mass activity could be recorded reliably 194 from the preBötC. After obtaining stable rhythmic activity the temperature was raised 195 slowly to 35.5 ± 0.5°C and the extracellular glucose concentration was lowered to 10 mM 196 to create those near-physiological conditions in which brain tissue slices are most likely to 197 generate HSD. Rhythmic activity was monitored continuously during these procedures and 198 only those slices maintaining stable rhythmic activity were used for subsequent recordings. 199
When slices were directly transferred to the interface-chamber in ACSF containing 10 mM 200 glucose and 8 mM K + at 35.5°C, stable rhythmic activity was obtained rarely. 201 202
Hypoxia-protocol and electrical recordings 203
Severe hypoxia was induced by switching the recording chamber's gas supply from 204 carbogen to 95% N 2 /5% CO 2 ; oxygenation of ACSF was continued. Such treatment 205 induced HSD within a few minutes. To ensure reversibility of the hypoxia-induced changes, 206 oxygen was resupplied 20 s after the HSD-associated DC potential deflection had reached 207 its nadir. Only those slices were accepted which generated a well pronounced HSD, i.e. a 208 sudden negative DC potential shift by at least 10 mV amplitude or -in rhythmically-active 209 slices -a sudden DC potential shift instantly abolishing the respiratory rhythm. If HSD did 210 not occur within 5 min of hypoxia, oxygen was resupplied. Extracellular recording 211 electrodes were made from thick-walled borosilicate glass (GC150F-10, Harvard 212 Apparatus) and filled with ACSF. DC potentials were monitored with a custom-made 213 extracellular DC potential amplifier and sampled at 100 Hz using an Axon Instruments 214 Digitizer 1440A and PClamp 10.2 software (Molecular Devices). In rhythmically-active 215 slices, HSD-related DC potential shifts and respiratory-related mass activity were recorded 216 with a single electrode (~1 MΩ, 50-100 µm outer diameter) connected to a field potential 217 amplifier (Ext 10C, NPI). The DC-coupled signal was amplified 100x. To isolate the 218 respiratory activity, the AC-coupled signal was amplified 10.000x, low-pass filtered at 3 219 kHz cut-off frequency and rectified/integrated at a time constant of τ=200 ms (see Fig. 4A ). 220
Both signals were then digitized at 2 kHz. Respiratory frequency was analyzed in 5-10 min 221 segments during normoxic control conditions and after posthypoxic recovery. Recovery of 222 the respiratory rhythm was measured as the time period between reoxygenation and 223 occurrence of the 1 st and 10 th (posthypoxic) respiratory burst. 224
225

Intrinsic optical signals 226
The intrinsic optical signal (IOS) associated with spreading depression constitutes an 227 increase in light scattering that can be followed by monitoring light reflectance at the tissue 228 Therefore, if a parameter was unstable in the recording (e.g. respiratory rhythm 253 disappeared before induction of the 2 nd HSD), then the other stable parameters were still 254 analyzed, varying the numbers of observations (n). 255
Results
257
Based on earlier work from our lab demonstrating an enhanced susceptibility of the 258 Mecp2 -/y hippocampus to hypoxia, we are now interested whether this also applies to the 259 Mecp2 -/y brainstem. To address this issue we analyzed genotype-dependent differences of 260 hypoxic responses, including the properties of HSD, in acute WT and Mecp2 -/y brainstem 261 slices. The occurrence and propagation of HSD was monitored by recording both the 262 extracellular DC potential and the intrinsic optical signal (IOS). Furthermore, in view of the 263 respiratory disturbances in RTT we compared the effects of severe hypoxia and HSD on in 264 vitro respiratory rhythmogenesis using the rhythmically-active slice. Similarly, the ventral respiratory column (VRC) and the inferior olive (IO) were invaded in 275 66.7% and 17% of WT slices, but only in 22.2% and 11.1% of slices derived from Mecp2 -/y 276 mice. Based on that spatiotemporal pattern, the following electrophysiological analyses of 277 HSD were focused on the nTS and Sp5. 278
In the nTS, the characteristic negative deflection of the extracellular DC potential showed 279 an average amplitude of -22.0 ± 3.7 mV in WT (n=14) and -20.8 ± 2.8 mV in Mecp2 -/y 280 (n=11). The time to HSD onset did not differ between genotypes (WT: 63.8 ± 14.6 s; 281
Mecp2 -/y : 69.1 ± 17.0 s), whereas the duration at half maximum amplitude was significantly 282 shorter in Mecp2 -/y (WT: 54.7 ± 11.3 s; Mecp2 -/y : 43.0 ± 4.7 s, p<0.01, unpaired t-test, Fig.  283 1A, B). In the Sp5 HSD showed a similar time to onset, but a slightly reduced DC potential 284 amplitude and/or duration as compared to the nTS (unpaired t-test); differences among the 285 genotypes were not observed ( Fig. 1A, B ). A detailed overview of the HSD parameters 286 recorded under the various experimental conditions is presented in Table 1 . 287
288
Hypoxia was repeated in a subset of slices after 20 min of recovery. In the nTS and Sp5 of 289 both genotypes the 2 nd HSD showed similar DC potential amplitudes and times to onset; 290 the halfwidth durations tended to increase, but reached the level of significance in WT 291 slices only (p<0.05 paired t-test; Fig. 1C , Table 1 ). To confirm that HSD can be induced In the next set of experiments we asked whether an increased tissue excitability and 299 metabolic demand might uncover subtle differences in HSD susceptibility between the 300 genotypes already at infant developmental stages. Therefore, similar to the rhythmically-active slice preparation described below, the extracellular potassium concentration ([K + ] o ) 302 was raised to 8 mM. Compared with control conditions, such K + -mediated conditioning 303 caused a general hastening of HSD onset in the nTS and Sp5 of both genotypes, and 304 these effects were especially pronounced in Mecp2 -/y slices. In detail, HSD occurred within 305 42.8 ± 5.4 s in WT (n=10), and even 29% earlier, within 30.4 ± 5.8 s (n=12), in Mecp2 -/y 306 nTS (p<0.001, unpaired t-test); a somewhat less pronounced further hastening of HSD 307 onset by 22% was observed in Mecp2 -/y Sp5 (WT 47.0 ± 9.0 s, n=11; Mecp2 -/y 36.9 ± 5.9 s, 308 n=12; p<0.01, unpaired t-test). The DC potential amplitudes and halfwidth durations of the 309 DC potential shifts were comparable between the two genotypes ( Fig. 1D , Table 1 ). A 310 subsequent 2 nd hypoxic episode in the presence of 8 mM K + elicited HSDs with similar 311
properties compared to the 1 st HSDs in both genotypes (Table 1) . 312 Fig. 2A, B ), which in both genotypes 325 was significantly different from a 2 nd HSD induced in control slices without prior 8-OH-326 DPAT treatment (p<0.001, one-way ANOVA). HSD amplitudes and halfwidth durations 327
were not affected ( Fig. 2B ). In the Sp5 the 8-OH-DPAT-mediated postponement of HSD 328 was less intense, but still reached the level of significance (WT +9.4 ± 4.4 %, n=7; Mecp2 -/y 329 +11.1 ± 14.9%, n=7; p<0.05, one-way ANOVA, Fig. 2B) . upon oxygen withdrawal, the IOS showed a wide-spread increase in tissue reflectance with 355 sometimes multifocal origin which then invaded large parts of the brainstem slice ( Fig. 3) . 356
The Sp5 was identified as the preferred ignition site of HSD (WT 83.3%, but only 47.6% of 357
Mecp2 -/y slices). Subsequently, Sp5 and nTS were invaded by HSD to a comparable 358 extent in either genotype (WT, Sp5 95.8%, nTS 87.5%; Mecp2 -/y , Sp5 90%, nTS 81%). 359
Yet, the IO and the preBötC were less frequently affected in Mecp2 -/y (23.8% and 42.9%) 360 as compared to WT slices (50.0% and 75.0%, respectively, Fig. 3 ), as already seen in 361
HSD onset is hastened in the Mecp2 -/y preBötC, but posthypoxic recovery appears normal 364
If HSD invaded the preBötC, the characteristic DC potential shift occurred within 58.8 ± 365
17.2 s of hypoxia in rhythmically-active WT slices (n=21), but significantly earlier, by 20%, 366
in Mecp2 -/y slices (47.1 ± 15.4 s, n=16, p<0.05, unpaired t-test, Fig. 4B , C). The average 367 DC potential amplitudes (WT: -8.9 ± 4.2 mV; Mecp2 -/y : -11.6 ± 5.1 mV) and halfwidth 368 durations (WT: 32.1 ± 6.6 s; Mecp2 -/y : 34.9 ± 9.5 s) were comparable between the 369 genotypes. Simultaneous monitoring of the extracellular DC potential and respiratory-370 related mass activity (see Fig. 4A for schematic amplifier configurations) revealed that the 371 propagation of HSD into the preBötC consistently caused a sudden and complete arrest of 372 respiratory rhythmogenesis (see Fig. 4D , middle panels). The hastened onset of HSD in 373 the Mecp2 -/y preBötC strongly suggests that the Mecp2 -/y respiratory network is more 374 vulnerable to hypoxia-induced loss of function. 375
376
In both genotypes, respiratory rhythmogenesis reappeared within a few minutes upon 377 reoxygenation, gaining a clearly increased respiratory frequency ( Fig. 4D, 5C ). In detail, 378 recovery times defined as the time period between reoxygenation and occurrence of the 379 1 st and 10 th respiratory burst averaged 146.4 ± 55.1 s and 229.1 ± 68.8 s in WT slices 380 (n=20). Recovery was similar in Mecp2 -/y slices (160.3 ± 55.6 s and 242.3 ± 87.4 s; n=16). 381
The posthypoxic increase in respiratory frequency, however, was more pronounced in WT 382 than in Mecp2 -/y slices (by 99.1 ± 67.0%, p<0.001 vs. prehypoxic control frequency, 383 repeated measures ANOVA, and by 60.7 ± 43.0%, n=11 and n=5, respectively, Fig. 4D , 384 5A, C). 385
386
The occurrence of HSD may facilitate posthypoxic recovery 387
To define the impact of repeated hypoxic episodes, as they do occur in RTT, on in vitro 388 respiratory rhythmogenesis, a 2 nd HSD was induced in some rhythmically-active slices 389 after 20 min of recovery. In WT slices the onset of the 2 nd HSD was significantly 390 accelerated by 19.1 ± 20% (n=14, p<0.01, paired t-test) as compared to the 1 st HSD. In 391
Mecp2 -/y slices the time to onset of the 2 nd HSD was variable, but on average did not 392 significantly differ from the 1 st HSD (n=8). The amplitude of the DC potential shifts tended to increase (WT: by 81.1 ± 155%; Mecp2 -/y : by 24.2 ± 28.3%, Fig. 5A, B ), but halfwidth 394 durations were unchanged. The pronounced increase with large standard deviations of the 395 HSD amplitudes in WT results from the fact that the 1 st HSD sometimes gave rise to only a 396 small DC potential shift, whereas the 2 nd hypoxic episode triggered a full-blown HSD (see 397 Fig. 5A ). Nevertheless, in the rhythmically-active slices also such moderate DC potential 398 shifts were rated as "real" HSD, as long as a sudden arrest of respiratory rhythm occurred 399 (see also below). 400
401
The posthypoxic recovery time -defined as the 10 th respiratory burst upon reoxygenation -402 after the 2 nd HSD was shortened consistently (by 28.0 ± 21.1% in WT, p<0.01 vs. 1 st 403 recovery, paired t-test, n=11) and by 32.2 ± 21.4% in Mecp2 -/y slices (n=8, p<0.05, Fig. 5A , 404 C). This was accompanied by a further increase of in vitro respiratory frequency in WT (by 405 124.3 ± 113.2%, p<0.001, repeated measures ANOVA), and a similar tendency in Mecp2 -/y 406 slices (by 97.8 ± 76.3% as normalized to prehypoxic control conditions, Fig. 5A, C) . 407
Accordingly, repeated hypoxia may induce compensatory short-term facilitation and/or 408 hypoxic preconditioning in rhythmically-active slices, and these mechanisms also remain 409 functional in the Mecp2 -/y brainstem, but seem less pronounced. 410 411 5-HT 1A receptor signaling in the preBötC mediates protective effects, partially independent 412 of genotypes 413
We next examined whether the effects of 8-OH-DPAT on HSD also apply to rhythmically-414 active slices and in vitro respiration. 8-OH-DPAT (50 µM) was applied for 20 min as soon 415
as rhythmic activity had reappeared after the 1 st HSD, and it tended to counteract the hastening of the 2 nd HSD observed in untreated WT slices (time to onset hastened by only 417 5.8 ± 6.2%, n=7); in the Mecp2 -/y preBötC, the time to onset of the 2 nd HSD was 418 comparable to control slices (n=8, Fig. 6A, B ). 8-OH-DPAT moderately increased the 2 nd 419 HSD amplitude compared to the 1 st HSD, which was more pronounced in WT slices (by 420 26.9 ± 17.5% in WT, p<0.01 vs. 1 st HSD, paired t-test; by 21.5 ± 36.3% in Mecp2 -/y ). 421
However, compared to the 2 nd HSD in untreated slices, 8-OH-DPAT did not exert any 422 significant effects on the DC potential amplitudes in either genotype (one-way ANOVA). 423
The halfwidth duration became significantly decreased in the preBötC of both genotypes 424 (by 34.2 ± 22.5% in WT, p<0.01, paired t-test; by 32.3 ± 27.2% in Mecp2 -/y slices, p<0.05, 425 paired t-test, Fig. 6A, B ). Compared to the halfwidth ratios in untreated slices we found a 426 significant difference only in WT slices (p<0.01, one-way ANOVA). These results may 427 suggest that the Mecp2 -/y brainstem is somewhat less responsive to 8-OH-DPAT. 25.1% earlier in Mecp2 -/y slices (p<0.05), as compared to the 10 th burst of the 1 st recovery 433 ( Fig. 6A, C) . However, 8-OH-DPAT treatment significantly enhanced the posthypoxic 434 respiratory frequency in WT slices by 325.6 ± 162.7%, (p<0.001, repeated measures 435 ANOVA) and, somewhat less, by 240.2 ± 196.4%, in Mecp2 -/y slices (p<0.001). This 436 frequency increase persisted even after wash-out of 8-OH-DPAT after the 2 nd HSD (WT: 437 +340.8 ± 186.4%, p<0.001, repeated measures ANOVA; Mecp2 -/y : +308.5 ± 195.5%, 438 p<0.001, Fig. 6A, C) . 439 440 Absence of HSD allows for a residual "gasping-like" hypoxic respiratory activity, but 441 prevents posthypoxic shortening of the recovery time 442
As already indicated by the spatiotemporal profile of the IOS, electrical recordings 443 confirmed that the preBötC was spared by the 1 st HSD despite 5 min of hypoxia in 4 WT 444 and 16 Mecp2 -/y slices. During such hypoxia without HSD we often observed a residual 445 hypoxic respiratory, "gasping-like" activity in both genotypes, which was abolished 446 immediately on reoxygenation (see Fig. 7A ). The posthypoxic recovery times (Mecp2 -/y : 1 st 447 burst, 160.2 ± 64.5 s; 10 th burst, 222.7 ± 93.3 s; WT: 1 st burst, 176.9 ± 81.9 s; 10 th burst, 448 242.5 ± 136.1 s) were similar to those observed in slices generating the 1 st HSD and also 449 the pronounced increase in respiratory frequency occurred (Mecp2 -/y : +97.5 ± 95.3%; WT: 450 +51.7 ± 40.6%). However, in all investigated WT slices, and in 10 out of 16 Mecp2 -/y slices, 451 the 2 nd (and also a 3 rd ) hypoxic episode succeeded to induce HSD, with similar (recovery) 452
properties as observed above (data not shown). 453
454
In contrast, in the remaining 6 Mecp2 -/y brainstem slices, 3 episodes of severe hypoxia 455 (lasting 5 min each) failed to induce HSD within the preBötC. In these slices a progressive 456 posthypoxic increase of respiratory frequency occurred, by 66.3 ± 59.0% after the 1 st 457 hypoxia and by 97.7 ± 55.0% during the 2 nd recovery (p<0.01, repeated measures 458 ANOVA). Also the recovery time was somewhat shorter as compared to those slices 459 generating a HSD (1 st burst 127.5 ± 58.5 s; 10 th burst 182.4 ± 79.0 s). Yet, without the 460 occurrence of HSD, repeated hypoxia did not accelerate the posthypoxic recovery, but 461 instead, progressively prolonged the posthypoxic respiratory arrest (2 nd hypoxia: prolongation by 58.1 ± 41.3%, 3 rd hypoxia: by 108.6 ± 85.1%, p<0.05, repeated measures 463 ANOVA, Fig. 7A, B) . 464
Discussion
466
In the present study, we show complex responses of different brainstem regions involved 467 in cardiorespiratory control to severe hypoxia and HSD as well as their alterations 468 associated with MeCP2 deficiency. A major focus was on the effects of severe hypoxia on 469 in vitro respiratory rhythmogenesis. Here, for the first time, we adapted the rhythmically- . Our experiments extend these findings, since for the first time we show that within 558 only 1-2 min of severe hypoxia HSD may propagate into the preBötC and cause a sudden 559 and complete arrest of respiratory activity already during/after the initial frequency increase 560 (Figs. 5A, 6A, but compare Fig. 7A ). Since that kind of hypoxic apnea is caused by a 561 massive and synchronized neuronal depolarization, it prevents any resuscitation 562 mechanism of the in vitro respiratory network (gasping). As such it represents a new 563 pathophysiological mechanism which deserves further detailed analyses and the 564 verification of similar mechanisms under intact network conditions. 565
566
Interestingly, in the Mecp2 -/y brainstem, the propagating HSD more frequently spared the 567 preBötC, which then allowed the network to reconfigure and generate gasping-like activity 568 during hypoxia (see Fig. 7 ). In view of the severe respiratory disturbances in RTT and the 569 associated systemic hypoxic episodes, such occasional sparing of the VRC by HSD 570 seems clearly beneficial. 2009). In this respect, it can be expected that 8-OH-DPAT inhibits these glycinergic 627 neurons, and thereby causes a net increase in excitability resulting in an increased 628 respiratory frequency. Since increases in excitability also promote the occurrence of HSD, 629 this may explain why 8-OH-DPAT did not postpone HSD onset in the preBötC. 630 631
Concluding remarks 632
In contrast to adult Mecp2 -/y hippocampus, the hypoxia susceptibility of infant Mecp2 -/y 633 brainstem was increased only when hypoxia coincided with additional challenges. 634
Propagation of HSD into the preBötC was confirmed to abolish respiratory 635 rhythmogenesis, i.e. to arrest breathing. Despite this deleterious effect, the occurrence of 636 HSD also facilitated the recovery of rhythmogenesis upon reoxygenation, whereas its 637 consistent absence during repeated hypoxia -especially in Mecp2 -/y preBötC -prolonged 638 the posthypoxic recovery. 5-HT 1A receptor stimulation mediated a partial and genotype-639 independent protection against HSD and stabilized/increased the in vitro respiratory 640 rhythm, suggesting that 5-HT 1A receptor-mediated signaling seems largely intact in 641
Mecp2 -/y brainstem. Therefore, well-targeted stimulation of these receptors may provide a 642 potential pharmacotherapeutical concept to ameliorate both the irregular breathing pattern 643 as well as the consequences of the intermittent hypoxic episodes associated with RTT. confirms that HSD occurs ~20 % earlier in the preBötC of Mecp2 -/y as compared to WT 911 slices, whereas the other parameters are not significantly affected. 912 D) Monitoring of respiratory-related mass activity within the preBötC confirmed that in both 913 genotypes propagation of HSD into the preBötC immediately arrests in vitro 914 rhythmogenesis. Note that absolutely no residual respiratory activity during hypoxia could 915 be observed. Upon reoxygenation, respiratory-related mass activity recovered, stabilizing 916 at a markedly higher respiratory frequency than before oxygen withdrawal. A) In those slices in which HSD did not invade the preBötC (despite 5 min-lasting hypoxia), 950 a residual respiratory activity ("gasping-like activity") was observed occasionally in both 951 genotypes. Upon reoxygenation it did, however, immediately vanish and respiratory activity 952 then recovered within 3-4 min, also stabilizing at an increased frequency. Against 953 expectation, in slices in which repeated episodes of hypoxia did not induce HSD in the 954 preBötC, the facilitation of the posthypoxic recovery failed. It therefore seems that such 955 "preconditioning" requires the presence of HSD and that hypoxia itself is not sufficient. 
